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Abstract 
This paper presents the use of the multi-scale approach developed by Nexter, to study the weight reduction of military armored 
vehicles. The fatigue design of such mechanical system is often complex due to the gap between the scale of the system and the 
scale at which the fatigue phenomenon occurs. The multi-scale approach developed by Nexter involves first simulating the 
dynamic behavior of the mechanical system, then a dynamic finite element model coupled with a global fatigue criterion 
identifies the weak points location of the structure for different combination of loads. By focusing on these hot spots, local 
modeling including geometric singularities are done to assess fatigue life. This process is illustrated on a vehicle structure to 
study different concepts of weight reduction. 
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1. Introduction 
The efficiency of an armored vehicle in use by army forces depends on various factors, among with, the logistic 
and tactical mobility are of great importance. The logistic mobility is the capability to transport the vehicle from its 
base regiment to a theatre of operation while the tactical mobility is the ability of the vehicle to move on various 
grounds (maximum speed, off-road mobility, obstacle crossing, consumption). The recent French operations in 
Afghanistan and in Mali have emphasized the importance of vehicle weight for logistic and tactical mobility. 
The carrying capability is another point of great importance ; it gives the ability to equip the vehicle of a weapon 
system or a combat group. At last, the capability to protect the crew against various threats of the battlefield is 
essential for the life of crew. To fulfill this need, armor and protection equipment must be add on the vehicle 
structure ; this structure must be resistant enough to support this over-weight without fatigue life or vibration 
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deceases. So the lightening is a challenge for future generation of armored vehicles. The more the structure is light, 
the higher will be the operational capability of the system. 
The design process of light armored vehicle is based on several loop iterations between design, numerical 
simulation, and tests allowing validating step by step the concepts of protected light structures. The multi-scale 
approach developed by Nexter ten years ago is usefully employed in the iterative process of weight reduction and 
structural lifetime validation. 
This paper presents the method used and the achieved results. Firstly, the multi-scale approach is quickly 
reminded before presenting the concept of weight lighted vehicle. Then, the different stages of calculation are 
described : vehicle life spectrum, calculation of structure loading by dynamic multi-body modeling, stresses 
calculation by generalized modal superposition, optimization process of the model, localization of the hot spot and 
fatigue life calculation by local approach. 
2. A multi-scale approach 
To optimize the design of the vehicles, a fatigue design process of the structures submitted to several random 
loadings has been developed since 1997 and has been applied for the design of military vehicles since 2000. Later 
the process was completed in 2004 to assess crack propagation in vehicles to extend the life of old vehicles. 
The approach developed to design the welded structures, taking into account the fatigue life, is based on a multi-
scale approach, as the fatigue phenomenon is very local, whereas the phenomenon generating it is global. To assess 
the fatigue life, the stresses in the entire structure (global stresses) are calculated and the hot spots are located. Then 
local geometries of hot spots are modeled to obtain the local stresses and assess the fatigue life [1]. 
In a first step, the life spectrum of the vehicle has to be known. It is defined by various grounds on which it has to 
move on, the speed and the number of kilometers per year on each ground. Loads are determined thank to a dynamic 
multi-body model of the vehicle. In a second step, the behavior of the structure submitted to various loads history, is 
calculated with a quasi-static or dynamic finite element analysis using a global superposition method. The third step 
consists in identifying the hot spots with a multi-facet fatigue criterion and a cumulated damage parameter with time. 
It allows calculating damage cartography on the entire structure so that the fatigue life could be assessed on hot spots 
by a local stress and damage calculation in the last stage of the calculation process. Papers [3][4][5] describe the 
local approach used for fatigue assessment and its application for welded components. 
 
Figure 1 : the multi-scale approach 
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3. Concept study : a lightened vehicle 
In this study, the lightening of armored vehicle is built around a front crew citadel designed to protect the crew, 
and a back compartment to integrate the engine, weapon systems, mechanical parts and fuel tank (Figure 2). A 
concept of protected structure has been developed to lighten the armored hull. It consists in replacing the thick sheet 
of metal by a thinner sheet of structure combined with a panel of ceramic and a panel of composite materials. This 3 
layers laminate allows combining structural and protection functions. High strength aluminum alloy is chosen for the 
structure. The 3 layers ceramic, composite and metal are screwed together. Loops between design, structural 
calculations and ballistic tests lead to optimize the weight of the structure. The weight saved by this concept reaches 
30%, protection included. 
 
Figure 2 : illustration of the vehicle 
4. Structural and fatigue design of the lightened structure 
The design and the fatigue life calculation have been made using the multi-scale approach. The various stages of 
the process are described in the following paragraphs. 
4.1. Life spectrum of the vehicle 
First a life spectrum of the vehicle has to be defined. It is described by the different grounds on which it has to 
move on, the speed and the number of kilometers per year on each ground. The curves on Figure 3 characterize the 
ground roughness while the histogram gives an average of the speeds on each ground. 
 
Figure 3 : Example of life spectrum 
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4.2. Multi-body dynamics simulation 
Multi-body dynamics simulations are used to calculate the loads applied on structure when driving on specific 
ground of the vehicle life spectrum. The vehicle is modeled as a rigid body system with its mass and inertia whereas 
suspension components are precisely modeled. The interaction between the wheels and the ground are simulated 
with a non-linear contact model. 
Different simulation on various ground and speeds of life spectrum are performed to determine the loads on the 
hull. Two examples are shown below, on a potholed road and a measured off-road track. 
 
Figure 4 : ADAMS simulation of the vehicle on a potholed road 
 
Figure 5 : ADAMS simulation of the vehicle on a measured off-road track 
At each attachment point of the driveline, for each driving sequence, the time forces are then extracted to 
determine the history of loads applied on the structure. These forces are multiaxial, no proportional and random [1] 
and have to be applied on a finite element modeling. 
As the structure may have a dynamic behavior, it is necessary to know whether it can be excited by the driving. 
The FFT analysis of the forces on the first axle (when driving on 3 different grounds at a defined speed) shows the 
frequency ranges that can excite a vibrational mode of the structure in case of interaction between loads frequency 
and eigenmodes. Depending on the design of the structure (typically in case of eigenmodes below 15 Hz), it may be 
necessary to perform a dynamic analysis on a global finite element modeling. On the contrary, a faster quasi-static 
analysis may be sufficient.  
 
Figure 6 : FFT analysis of axle 1 vertical force : results of simulation on 3 different grounds 
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4.3. Finite element analysis 
A global mesh of the vehicle is done in order to perform finite element calculations. The structure is modeled in 
mainly shell elements. Each equipment is modeled with a lumped mass with coupling conditions at nodes 
representing its fixing points. Add-on composite ballistic protections are taken into account thanks to a 
homogeneous equivalent shell and specific material. The finite element modeling is illustrated below. 
 
Figure 7 : global finite element modeling of the vehicle 
 
Figure 8 : illustration of the input forces coming from the mobility components 
As the forces are multiaxial, no proportional and random, a complete calculation method [1] has been developed 
allowing assessing the dynamic stresses on the finite element modeling. At each fixing point of the mobility 
components (see Figure 8), forces are determined from the previous multibody dynamics simulation. The fixing 
zones are often critical parts in term of fatigue and have to be dimensioned carefully. In the past, as structures of 
military vehicle were often rigid, the approach was mainly quasi-static. But the lightening of the structure leads to 
decrease the frequency of the first eigenmodes. As a consequence, the structure may have a significant dynamic 
response. The approach is then based on a precise quasi-static simulation with a dynamic correction to assess the 
dynamic stresses  : 
 
with the following terms : 
represents the quasi-static part of the stress  
 
represents the matrix of quasi-static modes calculated by finite element model 
of the structure thanks to a series of unit loads calculation 
 
represents the history of the various components of the loading, coming from 
dynamic simulation of the vehicle. 
represents the dynamic part of the stress 
 
represents the matrix of eigenmodes of the structure calculated on finite 
element model by modal analysis 
allows to correct the dynamic response 
represents the response of each mode 
represents the quasi-static part of the response of each mode 
This approach allows performing a large number of simulations of the structure, driving on various grounds, by 
combination of stress distributions under unit loads and the history loads coming from multibody model simulations. 
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4.4. Optimization of mass and stiffness 
The optimization of the design of the structure is a complex process to take into account dynamic stiffness, 
ballistic performance, cost, maintenance (see Figure 9). 
Firstly, ballistic performances allow defining materials and thickness of ceramic and composite panels as well as 
thickness of the structure taking into account the efficiency of the solution and its cost. Then two stages of 
dimensioning are used to design the structure : 
•  predimensioning simulations : to provide the overall design 
•  dimensioning simulations : to define the detailed design 
 
Figure 9 : global constraints taken into account to design a structure hull 
Stiffness and damping of laminate protections 
The global stiffness of the 3 layers laminate has to be considered in the design as the contribution of ceramic and 
composite panels to the global dynamic stiffness is significant. An experimental modal analysis has then been 
carried out in order to determine this contribution. Next figure shows the vibration modes of 3 layers lightened plate 
compared with a single plate of aluminum alloy. Depending on the shape of the mode studied, the frequency of the 3 
layers laminate is slightly above or below the aluminum plate; nevertheless results are very close. As a conclusion of 
these tests, the weight of the protection is globally counterbalanced by its stiffness. This result is interesting, as it 
makes possible to reduce the weight of the structural frame of the vehicle. 
 
Figure 10 : experimental modal analysis results 
Another main result of these analyses is that protections bring a high level of damping in the system. This is due 
to the use of polymeric material in the composite and ceramic panels as well as phenomenon of interlayers friction. 
Modal dampings are less than 1% for a single aluminum structure, whereas damping values of the 3 layers laminate 
are between 1% and 5%. Damping values are taken into account in simulations, mode by mode, as it allows limiting 
the dynamic stresses under dynamic solicitations (driving and firing). 
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Structure design optimization 
An automatic optimization cannot be carried out on a global finite element mesh as several iterations have to be 
done with different disciplines. Nevertheless, a global finite element mesh has been done, representing different 
designs of structures and laminates that can be activated without. Results of modal and static analysis are illustrated 
in the next figure. Taking into account the stiffness of composite protection allows optimizing the frequency of the 
first vibration mode above the main frequency of the loads. 
 
Figure 11 : design optimization 
 
The main difficulty remains the rotating vibration mode of the turret on the bearing ring on the roof. Due to the 
design constraints of the pointing device of stabilized turret, the frequency of the first mode has to be defined 
according to the equipment requirements. This mode is mainly a local mode and the design of a structural 
reinforcement has been achieved. As it has no ballistic performance, it can be optimized thanks to iterative modal 
analysis. An experimental modal analysis is then performed on a mockup of vehicle to validate the finite element 
modeling and to improve the assessment of fatigue life calculations due to dynamic structural response. 
 
Figure 12 : experimental modal analysis results (a) on a mockup of vehicle (b) 
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4.5. Dynamic global stress calculation 
After the optimization achieved through the modal analysis, the mechanical strength of the different concepts is 
analyzed under the solicitations of driving on various tracks. As presented in the previous paragraphs, the driving 
solicitations applied to the hull of the vehicle are forces in shock absorber or various stops. Depending on the 
severity of the tracks and speed of the vehicle, we get a different energy and frequency content. The graphs below 
show the example of a triangle and a spring force for a unitary obstacle track. 
  
Figure 13 : Example of input force versus time and frequency 
 
The energy content is mainly focused on the frequency range [0-15]Hz, however, we note that the solicitation 
levels beyond 15Hz are not negligible. So the behavior of the structure submitted to various loads is simulated with 
an updated dynamic finite element model. The use of a static approach is not suitable to calculate the stresses for a 
fatigue life assessment. 
 
The results of dynamic calculations give the distribution of stresses for different tracks representing the 
operational use of the vehicle during its lifetime. The following figure shows an example of the maximum stresses 
obtained for a track. Several optimizations have been carried out to reduce the weight of the structure hull while 
limiting the stresses to the maximum allowed by the different materials. 
 
Figure 14 : Example of global stresses mapping 
 
4.6. Global approach : identifying the hot spots 
Once the global stresses are obtained, damage calculations are then made. The approach adopted for these 
damage calculations by fatigue under multiaxial loading is shown on the next figure [3]. 
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Figure 15 : Calculation of fatigue life by local approach 
The global stresses calculated in the global model have to be corrected in order to take into account the effect of 
stress concentration resulting from geometric singularities which have been removed in the global shell modeling 
(fillet, hole, weld toe). The correction is performed with a two-dimensional stress concentration factor matrix. 
[ ] [ ] [ ]σσ .Alocal =  
Residual manufacturing stresses play an important role in the fatigue behavior. These stresses are taken into 
account thanks to initial stresses added to the local stresses : 
[ ] [ ] [ ] localresidualtotal σσσ +=  
The stress states history may present peaks exceeding the material yield stress. The plasticity resulting from these 
stress peaks modifies the material stress-strain response because of the stress hardening. The elastic-plastic model 
corresponding to the Chaboche non-linear isotropic and kinematical hardening model is used. The plastic correction 
is made with the hypothesis that the total strain remains constant. The global behavior is elastic and the plasticity is 
located and assessed at the hot spot under this global elastic behaviour of the structure. 
The multiaxial fatigue criterion used is a critical plane based one. Socie [2] showed that fatigue cracks initiate 
from free surface on only two sets of facets, 90° or 45° inclined from the normal to the free surface. The criterion is 
applied to those two sets of facets. On each facet, the shear stress history is calculated; the Rainflow procedure 
applied to one projection of that shear stress makes it possible to extract the cycles from the stress history. For each 
cycle, the criterion is calculated by combining the shear stress amplitude and the maximum hydrostatic stress 
encountered during the cycle. 
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The lifetime is calculated by maximizing the damage over all examined planes. 
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n
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&
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For the location of hot spots on the lightened structure hull, the approach outlined above is used. In the 
predimensioning simulations, we do not attempt to calculate precisely the fatigue life, that is why assumptions are 
made : fixed value for the stress concentration factor at weld toe, no residual stresses, no elastoplastic correction. 
However it allows obtaining a mapping of the damage on the entire structure for each track. So the engineer can 
focus on the hot spots and then model them precisely in order to calculate the local stresses and local damage. 
The damage cartographies are used to analyze the criticity of fatigue damage. The damage mapping can also be 
used to compare the severity of different rolling scenarios corresponding to a design strategy more or less severe. 
4.7. Local approach : Determination of local stress and damage 
To determine the local stresses, it is important to model local geometry of structural details, generally welded 
joints. Local models have been carried out in hot areas identified on the vehicle. Welded joints are represented using 
the geometries defined by the design office and using the mean radius at weld toe known by experience or 
measurements. Then the submodeling technique is used, applying boundary conditions coming from the global 
model. The displacements of the global model are used to drive the displacements of the nodes at the border of the 
local model. So this process allows calculating the local stresses. 
An example of a local model of structure hull is given below. From the global model using 2D shell elements, a 
local model using 3D solid elements is made incorporating welded joints to calculate the stresses at weld toe with a 
significant mesh refinement. 
 
 
Figure 16 : Different meshing and the local stresses 
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The Nexter software CALEND is then used to evaluate the local damage in accordance with the multiaxial 
fatigue damage calculation approach. The calculation is conducted for all hot spots identified of the last optimized 
concepts. The fatigue life was calculated in welded joints associated to hotspots. 
The figure below gives an example for a hot spot, with the nominal stress, the local stress with the concentration 
factor and the local stress with residual welding stresses and plastic correction. For severe shocks (at 9 seconds for 
example), stresses can exceed the yield stress; plastic correction induces a relaxation of mean stress due to the 
welding residual stresses. This corrected stress is then used to evaluate the local damage using the fatigue criterion 
for each cycle and the Miner's cumulative damage law. 
 
Figure 17 : Example of stresses for a hot spot 
5. Conclusion 
Vehicle weight reduction is an important issue for the design of future vehicles. This article shows the importance 
of a global modeling approach to optimize and validate weight reduction solutions. 
Nexter uses a multi-scale approach where each model is important in the design phase. First, the choice of a 
judicious vehicle usage profile and the simulation of dynamic behavior of vehicle allow determining precisely the 
solicitations. The definition of a frequency criterion is important for the design of vehicle hull; this criterion allows 
performing iterations quickly. Then finite element dynamics analysis is needed to calculate the dynamic stresses and 
the global damages for the most successful concepts. Finally, local models of welded joints are used to validate the 
final design and to define special welding quality requirements if necessary. 
In parallel with this simulation approach, it is necessary to carry out tests to validate the modeling of new 
structures. The realization of an experimental modal analysis has enabled to show the importance of modeling 
protections and their interactions with the hull structure. This test was also used to determine the damping provided 
by the protections. The damping values are important data to estimate precisely the amplification and the stresses 
during dynamic calculations. 
In synthesis, the global fatigue approach can provide overall improvements (redesign) or local (welding quality) 
and contributes validating the concepts of weight reduction defined previously. Finally, the use of the multi-scale 
approach is an important component of the overall strategy of Nexter to design the vehicles. 
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